Introduction
[2] The West Pacific Warm Pool (WPWP) is a region of warm surface waters with an average surface temperature of 28°C covering most of the tropical part of the western Pacific and eastern Indian Oceans (Figure 1 ) [Yan et al., 1992] . It is a major latent heat and water vapor source for high-latitude regions. Here changes in sea surface temperature due to El Niño/Southern Oscillation (ENSO) variability have a major impact on heat transport from low to high latitudes [Sun, 2003; de Garidel-Thoron et al., 2005] . Because of its role in the atmosphere and climate systems the WPWP plays an important role in determining long-and short-term global climate change [Lea et al., 2000; Li et al., 2004; Ravelo et al., 2004; Xu et al., 2006] .
[3] The early (pre-Pleistocene) history of the WPWP is not well known . The Mio-Pliocene history of the WPWP has been interpreted from the planktic foraminiferal record. Kennett et al. [1985] used planktic data to suggest WPWP formation after Indonesian seaway closure around 8 Ma. Srinivasan and Sinha [1998] suggested its formation after 5.2 Ma. Li et al. [2006] and Jian et al. [2006] used plankton evidence to suggest a late Miocene WPWP around 10 Ma with the modern warm pool appearing around 4 Ma. The wider oceanic evolution of the Indo-Pacific during the Plio-Pleistocene has been the focus of Ocean Drilling Program (ODP) research for many decades and this has provided a fine-scale deep sea record of ocean change from the South China Sea [Li et al., 2004] , the Indian Ocean [Kawagata et al., 2006] and the central Pacific [Ravelo et al., 2004] . The deep-sea paleoceanographic records obtained by the ODP are limited to drilling sites generally >500 m depth away from shelf margins. Although, in recent years the Integrated Ocean Drilling Program (IODP) has developed drilling platforms that can core shallow shelfal regions. Nevertheless, ODP cores generally do not record the influence and history of shallow (<300 m depth) shelf edge currents such as the Leeuwin and Kuroshio Currents. Conversely, in outcropping shelfal sections, Indo-Pacific mollusks have been used to document Plio-Pleistocene Kuroshio Current influence in Japan [Ogasawara, 2002] and Pleistocene Leeuwin Current influence in southwest Australia [Kendrick et al., 1991] . Equivalent benthic/planktic foraminiferal studies on these outcrops are rare, however Kitamura and Kimto [2007] used planktic foraminifera to document the long-term variability in the Tsushima Current offshoot of the Kuroshio Current in outcrop around the Sea of Japan since the early Pleistocene. Outcrop sections may preserve shallow marine records of limited extent and often cannot be used to chart long-term oceanographic change. Many shelf regions of the world preserve thick intervals of Cenozoic [2006] . The Indian Ocean and Western Australia currents are from Schott and McCreary [2001] , Tomczak and Godfrey [1994] , and Cresswell [1991] . The Indonesian Throughflow path is from Gordon [2005] . The North Pacific and Kuroshio currents are from Inoue [1989] and Tomczak and Godfrey [1994] . The blacks arrows are warm currents, and the gray arrows are cold currents.
strata that have been drilled for hydrocarbon exploration. Oil/gas wells in these regions have the potential to bridge the gap between the detailed deep sea oceanographic studies of the ODP and limited shallow shelf outcrop studies to investigate the timing and long-term evolution of shelf margin influencing currents in the Indo-Pacific. The Northwest Shelf of Australia is one of these densely drilled hydrocarbon-rich shelf regions, situated directly under the influence of the modern Leeuwin Current (Figure 1 ). In this study we investigated the stratigraphy and foraminiferal distribution in several wells in the Northwest Shelf. The purpose of this was initially to date the sections and chart the environmental evolution of each section. However, it became clear that intervals yielded a high abundance of benthic foraminifera of Indo-Pacific affinity and that these might be used to document the influence of the WPWP. We compiled the recent distribution of these species from the literature to form a modern analog. This revealed several taxa present in the subsurface of the Northwest Shelf are biogeographic indices of the WPWP and the Leeuwin Current. Furthermore, a review of the stratigraphic distribution of these taxa in the Indo-Pacific suggests these foraminifera can be used to chart the timing and evolution of the WPWP, Kuroshio and Leeuwin Currents.
Oceanographic Setting
[4] The West Pacific Warm Pool (Figure 1 ) is the buildup of warm >28°C water in the western Pacific trapped by the Indonesian archipelago. The Indonesian Throughflow (ITF) [Gordon, 2005] transports 10 to 16 Svedrups (1 Sv = 10 6 m 3 s À1 ) of low-salinity North Pacific thermocline water via the Indonesian Gateway [Ganachaud and Wunsch, 2000; Kuhnt et al., 2004] to the Indian Ocean forming an important switching point in the global thermohaline conveyor. The shelfal regions of the Indo-Pacific region are strongly influenced by several shallow (50 -300 m) currents that originate in the WPWP region. We outline the modern setting of these current features below:
[5] The Leeuwin Current (Figure 1 ) is a narrow (<100 km) and shallow current (<300 m) that transports warm lowsalinity nutrient deficient water southward along the west coast of Australia [Pattiaratchi, 2006] . It is driven by long shore winds and an upper ocean (the upper 250 -300 m) pressure gradient [Tomczak and Godfrey, 1994 ] that overcomes equatorward wind stress and upwelling to flow southward along the coast of western Australia [Pattiaratchi, 2006] . Another primary driver for this current is the steric height difference between the low-density and low-salinity Timor Sea and the cooler denser saline waters off the coast of Perth [Pattiaratchi, 2006] . It is the only south flowing eastern boundary current in the Southern Hemisphere and has an enormous effect on the climate of the region. The current extends modern reefal development to 29°S (the Houtman-Abrolhos reefs) and the tropical to subtropical transition as far south as Rottnest Island (33°S).
[6] In the North Pacific, high-salinity warm water is transported from the West Pacific Warm Pool by an extension of the Pacific North Equatorial Current called the Kuroshio Current [Inoue, 1989] . This shallow (<200 m) narrow (100 km) current travels on the shelf near Taiwan across the East China Sea before bifurcating into the Tsushima Current in the Sea of Japan (Figure 1 ). The Kuroshio Current continues along the shelf edge of Japan and merges with the Polar Front off the coast of Japan [Inoue, 1989] . The Kuroshio Current extends extratropical reef development to 30°N in the Ryukyu Islands [Yamamoto et al., 2006] and moderates the climate of Japan.
Materials and Methods
[7] Our investigation involved the collection of detailed foraminiferal and stratigraphic data from Miocene to Pleistocene sections in eight oil field wells from 19 to 20°S off northwest Australia (Tables 1 and 2 and Figures 2 and 3) . The strata were dated using nannofossils and planktic foraminifera and an age depth curve calculated for each well using the Gradstein et al. [2004] chronology (Figure 3 ). The purpose of this was to determine the age and environment of each section to understand the relative influence of the West Pacific Warm Pool on the evolution of the tropical carbonates of the region. All larger foraminifera and smaller calcareous foraminifera with known Indo-Pacific affinities were documented in each sample (Tables 1 and 2 ). Nearly 20,000 foraminifera were counted in 75 cutting samples and the stratigraphic distribution of the foraminifera compiled (Tables 1 and 2 ). The purpose of this analysis was to determine whether the biogeographic influence of the West Pacific Warm Pool, the Indonesian Throughflow and Leeuwin Current could be discerned in the fossil record of the Northwest Shelf and to determine the relative timing of these oceanic features.
[8] To determine the paleoceanographic utility of the IndoPacific and larger foraminiferal taxa in the subsurface of the Northwest Shelf we reviewed an extensive literature charting their biogeographic distribution. Initially, the recent spatial distribution five species of larger foraminifera (adding to the presence/absence data compilation of Langer and Hottinger [2000] ) and nine smaller Indo-Pacific calcareous species (Tables 2, 3 , and S1) was compiled.
1 We selected several of these taxa for our biogeographic and paleoceanographic analyses. This selection was based on the following criteria: the taxa are relatively common (i.e., they occur in over 30 published recent sample sites in the region); the species are readily identifiable from an illustration or figure (in the majority of cases); the taxa have a relatively wide depth distribution from 0 to 200 m; the species have known distributions stratigraphically from the literature and are common/typical in the subsurface sections of the Northwest Shelf of Australia. We compiled the distribution (Figure 4 ) of two larger species: Assilina ammonoides and Nummulites venosa adding to the distribution maps of Langer and Hottinger [2000] . Four additional species distributions were compiled including: Asterorotalia gaimardii, Heterolepa margaritiferus, Pseudorotalia indopacifica and Pseudorotalia schroeteriana (Figures 5 and 6 ). The taxonomic identifi- Table 2 for coordinates). The data are expressed as a percentage of total benthic species. The first appearance of A. gaimardii is from the Calypso-1 (C-1) well (19.42°S, 115.962°E) interpreted from M. Apthorpe (unpublished data, 1985) . Note that these species are absent in Miocene strata. The gray area denotes the Middle Pleistocene Transition.
cation of the Pseudorotalia and Asterorotalia species follows Billman et al. [1980] . The taxonomy of Loeblich and Tappan [1994] was used to identify Heterolepa margaritiferus.
[9] The recent and fossil distribution of six selected IndoPacific taxa was compiled in a north -south latitudinal transect ( Figure 7 ) including our new range data from the Northwest Shelf (Figure 3 ). The published range data have been modified to conform to the Gradstein et al. [2004] nannofossil and foraminiferal biozonal chronology. The purpose of this compilation is to biostratigraphically constrain migration events in the Indo-Pacific region that may be related to WPWP, Kuroshio and Leeuwin Current evolution. The equatorial range data are derived from Papua New Guinea [Belford, 1966] , Borneo [Billman et al., 1980] , and Java [LeRoy, 1944] . Additional range data from around 26°N come from Taiwan [Huang, 1964] and Okinawa [LeRoy, 1964] . The biostratigraphic distribution from A complete data set can be found in Table S1 . (Tables 1 and 2 and Figure 3) . One of the most common and distinctive species present is Heterolepa margaritiferus (Brady, 1881). This is a heavily ornamented biconvex heterolepid (Figures 9d, 9h, 9l, 9n, 9o, and 9p ). This taxon first appears around 4.4 Ma in the Northwest Shelf in low numbers and becomes common in the Pleistocene around 1.6 Ma (Figure 3 ). This species is absent in five Oligocene to lower Pliocene well sections in the Northwest Shelf analyzed by Moss et al. [2004] and in the Miocene to lower Pliocene strata of Bounty-1, Goodwyn-6 and Goodwyn-7 ( Figure 4 and Table 2 ). Several Asterorotalia species are present in the Northwest Shelf, including: A. concinna, A. milletti and A. gaimardii (Table 2 ). These taxa are most common in middle Pleistocene strata representing an Asterorotalia acme from around 1.4 Ma (Figure 3) . The most abundant species present is Asterorotalia gaimardii and this taxon has been selected as the ''typical'' Indo-Pacific Asterorotalia species in this work. Asterorotalia gaimardii (d'Orbigny, 1906 ) is referred to as Rotalia papillosa or Streblus papillosa in some of the literature [e.g., Cushman, 1921; Bhatia, 1956] . However, Billman et al. [1980] assigned this species to the genus Asterorotalia. This is a strongly ornamented spineless taxon (Figures 9c, 9g , and 9k) with well-developed incised ventral sutures [Billman et al., 1980] . Asterorotalia gaimardii is not present in the Oligocene to early Pliocene strata in the Northwest Shelf (this work and Moss et al. [2004] ). A. gaimardii first appears in the Pliocene in the Northwest Shelf becoming abundant from 1.4 to 1 Ma (Figure 3) . Similar to the Asterorotalia, Pseudorotalia spp. has a marked acme in the middle Pleistocene. Species in the Northwest Shelf include: P. schroeteriana, P. angusta, P. globosa and P. indopacifica. Because of their relative abundance we have selected two examples P. schroeteriana and P. indopacifica as typical species representing the stratigraphic distribution of this genus. Pseudorotalia schroeteriana (Parker and Jones, 1862) is a strongly ornamented perforated taxon (Figures 9b, 9f , and 9j) with a well-developed keel and a strongly convex ventral side [Billman et al., 1980] . Pseudorotalia schroeteriana is a rare species in the Northwest Shelf, first appearing in the Pliocene (around 4 Ma (Figure 3) ). Pseudorotalia indopacifica (Thalmann, 1935) is a robust strongly perforated biconvex Pseudorotalia (Figures 9a, 9e , and 9i) with a subspherical test with no keel [Billman et al., 1980] . Pseudorotalia indopacifica is rare in the Northwest Shelf first appearing at around 1.4 Ma and locally becomes extinct after 1 Ma (Figure 3 ). Twelve species of larger foraminifera were documented in the Miocene to Pliocene strata of the Northwest Shelf (Tables 1 and 2 ). Two common species were selected as typical of our sequence: Assilina ammonoides (Gronovius, 1781) and Nummulites venosa (Fitchel and Moll, 1798). These are larger algal symbiont bearing nummulinitid foraminifera (Figures 9m, 9q, 9r, 9s , and 9t). Assilina ammonoides first appears in the Northwest Shelf in the late Miocene (Table 2 and Figure 7) . Chaproniere [1994] reported Nummulites venosa from large foraminiferal zones equivalent to N6 (17.6 Ma, early Miocene) to recent in northwest Australia. Our data yielded a similar stratigraphic distribution for this taxon (Table 2 and Figure 7 ).
Stratigraphic Distribution of Benthic Foraminifera in the Indo-Pacific Region
[11] The stratigraphic distribution of the six selected taxa is shown in a north -south latitudinal transect (Figure 7) incorporating data from the Northwest Shelf ( Figure 3 and Table 2 ). The larger foraminifera A. ammonoides and N. venosa have relatively long Miocene to recent ranges with no significant ''paleo'' migrations beyond their present latitudinal limits. Near the equator in the Banda Sea (5°S) Cornee et al. [1998] dated dredge samples with Nummulites venosa from the late Oligocene to Miocene. There is a relative lack of documentation of N. venosa and A. ammonoides north of the equator. However, Chingchang et al. [1956] report these taxa from lower Miocene to Pleistocene strata in Taiwan at 25°N. Other Indo-Pacific species such as Heterolepa margaritiferus, Asterorotalia gaimardii and Pseudorotalia spp. have markedly diachronous stratigraphic ranges in the Indo-Pacific (Figure 7) . Belford [1966] reports H. margaritiferus from lower Miocene to Pleistocene sequences in Papua New Guinea. This taxon is present in the Pliocene to Pleistocene strata of Borneo, Sumatra and Java [LeRoy, 1941] . H. margaritiferus is present in upper Pliocene to Pleistocene strata of Okinawa [LeRoy, 1964] and possibly in the Plio-Pleistocene Kasuza Group in Japan [Ishiwada, 1964] . Equatorially and in the Northern Hemisphere Asterorotalia gaimardii ranges from Late Miocene (10 -9 Ma) to present (Papua New Guinea [Belford, 1966] , Borneo [Billman et al., 1980] , and Taiwan [Huang, 1964] ). Li and An [1985] documented common A. gaimardii in the upper Pleistocene of the Tianjin Plain in China (38°N). In Japan, Asano [1951] notes A. cf. gaimardii from Pliocene to recent. Hanagata and Watanabe [2001] reports the first occurrence of A. gaimardii from 3.25 to 2.75 Ma in north Japan. Pseudorotalia schroeteriana was found in thin section from lower Miocene strata in Guam by Cole [1939] . A late Miocene (N16) to recent range for this species was listed by Billman et al. [1980] in Borneo, Wang et al. [1985b] in the South China Sea and Huang [1964] in Taiwan. Belford [1966] reports a Pliocene to Pleistocene range for P. schroeteriana in Papua New Guinea. Min [1989] interprets an incursion of P. schroeteriana as far north as the Chinese Bohai Gulf Plain (38°N) as part of the Pleistocene ''Pseudorotalia transgression'' and the disappearance of this taxon in the Holocene. Pseudorotalia indopacifica ranges from late Miocene to recent in Borneo [Billman et al., 1980] and Taiwan [Huang, 1964] . It is present in the Pliocene of Papua New Guinea [Hofker, 1951] , the Philippines [ManalacSamaniego and Gonzales, 1957], the South China Sea [Wang et al., 1985b] and Japan [Asano, 1951] .
Recent Indo-Pacific Foraminiferal Biogeography
[12] The recent biogeographic distribution data of the Indo-Pacific foraminiferal taxa most typical of the Northwest Shelf Miocene to recent sequences are presented as a series of maps of the region from 38°N to 35°S over a longitude 45°to 180°W. All sites (Figures 4, 5 , and 6) have been plotted to show the shelfal extent of the sample points and their relationship to annual isotherm values of 50 m and 100 m. Assilina ammonoides is common throughout the IndoPacific (Figure 4 ) from 33°N to 24°S. It longitudinal range is from Aqaba (35°E) to Hawaii (153°W) [Langer and Hottinger, 2000] . Nummulites venosa is rare and confined to latitudes 26°N and 22°S in the Indo-Pacific (Figure 4) . It is present as far east as New Caledonia and Samoa to the Maldives Islands in the west [Langer and Hottinger, 2000] . Heterolepa margaritiferus has a wide latitudinal distribution ( Figure 5 ) from 36°N (offshore Matsue, Japan [Inoue, 1989] ) to 34°S (Cape Leeuwin, southwest Australia [Li et al., 1999] ). It is confined longitudinally to the central IndoPacific from 17°E (western India [Vedantam and Rao, 1970] ) to 153°E (Queensland, Australia [Palmieri, 1976] ). Asterorotalia gaimardii is a common Indo-Pacific species ( Figure 5 ) that ranges from a latitude of 38°N (Toyama Bay, Japan [Inoue, 1989] ) and 28°S (West Australia [Betjeman, 1969] ). Longitudinally it occurs between 106°E (Pulau Pari, Sumatra [Tomascik et al., 1997] ) and 22.5°E (Queensland, Australia [Palmieri, 1976] ). A. gaimardii is reported by Bhatia [1956] and Nigame and Khare [1999] off the west coast of India and possibly from the Mediterranean [Murray, 1991] . Pseudorotalia schroeteriana is a relatively rare species ( Figure 6 ) that is present from 22.5°N (Hong Kong [Li and Yim, 1988] ) to 26°S (Queensland, Australia [Palmieri, 1976] ). With the exception of a few samples documented by Vedantam and Rao [1970] off the east coast of India, most samples with P. schroeteriana lie between 104°E (Batam, northwest Java Sea [Tomascik et al., 1997] ) and 154°E (Queensland, Australia [Palmieri, 1976] ). Pseudorotalia indopacifica is mainly confined to the East and South China Seas (Figure 6) although Kathal et al. [2000] report it in eastern India at 79.5°E. Its northern latitudinal limit is 31.5°N (East China Sea [Wang et al., 1985e] ) and its southerly limit is 6.5°S in northern Java (reported as P. schroeteriana by Hofker [1971] reassigned to P. indopacifica by Billman et al. [1980] ).
Controls on the Spatial Distribution of Recent Indo-Pacific Foraminifera
[13] Before considering potential paleoceanographic significance of the selected Indo-Pacific species it is important to review possible controls on their distribution. Several interrelated factors might control their distribution (Figure 8 ) including: depth, substrate, salinity, nutrient availability and temperature [Murray, 1991 [Murray, , 2006 . We acknowledge that ''for any species different parameters limit its distribution at different time and difference places'' [Murray, 2006] our ultimate intention is to use stratigraphic and recent biogeographic data as a ''fingerprint'' of paleoceanographic conditions in the Indo-Pacific region. Thus a review of their possible environmental controls allows us to discount or account for particular influences on their distribution. This then forms the basis of our interpretation of the relative controls of the West Pacific Warm Pool and its related currents on these species. We therefore consider possible factors below.
Depth
[14] The depth range (Figure 8 ) of A. ammonoides is 10 to 90 m [Hohenegger, 2005; Renema, 2002] with an average of around 50 m [Hohenegger, 2005] . Nummulites venosa has a depth range from 5 to 90 m [Renema, 2002] with an average of 50 m [Hohenegger, 1995] . Szarek et al. (Figure 8) , it was found living to around 170 m by Szarek et al. [2006] . Pseudorotalia schroeteriana has a depth range from 10 to 100 m with an average around 75 m, this species was not found to be living deeper than 120 m on the Sunda Shelf by Szarek et al. [2006] . The larger foraminifera selected have optimal photic distributions at around 50 m landward of surface water currents in the Indo-Pacific. The Pseudorotalia and Asterorotalia species typify subphotic depths from 80 to 100 m and are likely to be directly under the influence of surface warm currents in the Indo-Pacific region.
Substrate
[15] Nummulites venosa and Assilina ammonoides typify low-energy soft sand substrates with high water transparency [Renema, 2002] . These two species are abundant in the off-reef shelf of the Great Barrier Reef [Collins, 1958; Maxwell, 1968] . Nummulites venosa avoids high-energy reefal areas, typifying low-energy sandy back and fore reef environments [Langer and Hottinger, 2000] . A. ammonoides inhabits a variety of sandy and muddy substrates on the Sunda Shelf [Szarek et al., 2006] . It is abundant on off-reef shelf, reef flats and mangrove environments in the Great Barrier Reef [Collins, 1958; Maxwell, 1968] . Heterolepa margaritiferus is most common on medium to fine sand substrates [Albani and Geijskes, 1973; Inoue, 1989; Wang et al., 1985e] . It is present in off-reef carbonate shelf facies of the Great Barrier Reef [Palmieri, 1976] . A. gaimardii is abundant on sand (in the high-energy inner shelf biofacies of Szarek et al. [2006] ) and common on silty muddy substrates. In other regions it typifies fine sand to muddy substrates (around Japan [Inoue, 1989] and in the Exmouth Gulf northwest Australia [Orpin et al., 1999] ). It is abundant on the off-reef shelf of the Great Barrier Reef [Collins, 1958; Maxwell, 1968] . Pseudorotalia schroeteriana is rare on the Sunda Shelf living on sandy and muddy substrates [Szarek et al., 2006] . It is most common on the Queensland Shelf in carbonate and quartz sand [Palmieri, 1976] . In the South China Sea P. indopacifica is common in fine sand to gravel [Wang et al., 1985b] . This taxon inhabits mud and sand in the Sunda Shelf [Szarek et al., 2006] . The data above suggests that the Indo-Pacific smaller foraminiferal species studied here inhabit a wide range of low-to higher-energy shelfal facies. Facies does not seem to be a primary control their biogeographic distribution.
Salinity
[16] With the exception of Assilina ammonoides that has been reported in mangrove facies [Langer and Hottinger, 2000] the selected Indo-Pacific taxa are confined to open shelf areas with normal salinity (approximately 35%). Therefore, salinity is not considered to be a significant factor controlling their geographic distribution.
Nutrients
[17] Most larger foraminifera typify oligotrophic conditions [Langer and Hottinger, 2000] . However, these authors document Assilina ammonoides from organic-rich mangrove facies suggesting it has a wide nutrient tolerance (Figure 8b ). Nummulites venosa inhabits oligotrophic to mesotrophic conditions [Langer and Hottinger, 2000; Renema, 2002] . The species selected are generally absent from regions of the Indo-Pacific where chlorophyll concentrations exceed 1 mg m
À3
. This value reflects eutrophic conditions in SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) data or areas with high particulates caused by high siliciclastic input [Antoine et al., 1996 [Antoine et al., , 2005 . Most shelfal regions in the Indo-Pacific experience mesotrophic (0.1 < Chl 1 mg m
) to oligotrophic (Chl 0.1 mg m À3 ) conditions [Antoine et al., 1996] . In the boreal summer, chlorophyll concentrations (associated with upwelling) are high in the Arabian Gulf, along the coast of western India and off southern India during the Indian-Asian monsoon. Pseudorotalia schroeteriana, Pseudorotalia indopacifica, Nummulites venosa and Heterolepa margaritiferus are not present in the Arabian Gulf, suggesting these species cannot tolerate strong variability in nutrient flux or seasonal eutrophism. Assilina ammonoides, and Asterorotalia gaimardii are present in the Arabian Gulf, suggesting a tolerance of eutrophic conditions. Heterolepa margaritiferus is rare in high-productivity regions of the Sunda Shelf (data in the paper by Szarek et al. [2006] , summarized on Figure 8b ) where primary productivity (PP) exceeds 220 g C m 2 a
À1
. This taxon is common in oligotrophic conditions (approximately 109 g C m 2 a À1 , on the basis of values estimated by Antoine et al. [1996] ). Conversely, P. schroeteriana is more common in higher-productivity conditions >220 g C m 2 a
(mesotrophic PP of Antoine et al. [1996] ) and rare or absent where PP < 160 g C m 2 a À1 (Figure 8b ). Pseudorotalia indopacifica, A. ammonoides and A. gaimardii were found living in eutrophic to oligotrophic conditions (PP 108 to 255 g C m 2 a
, Figure 8b ) on the Sunda Shelf by Szarek et al. [2006] . To summarize, the selected taxa typify mesotrophic to oligotrophic conditions P. schroeteriana prevails in more nutrient enriched environments (Figure 8 ).
Temperature
[18] Temperature is one of the main controls on the IndoPacific taxa in this study. The temperature range for the Indo-Pacific species selected was compiled from the annual temperature and winter minima temperature sea surface, 50 m, 100 m and 200 m (Figure 8c ) depth isotherm maps of Locarnini et al. [2006] . Langer and Hottinger [2000] discuss factors controlling the global distribution of larger foraminifera and observed most of these are delineated by the Northern and Southern Hemisphere 15°C isotherm. The authors also suggests there is no clear relationship between surface currents and large foraminifera distribution. The majority of occurrences of Nummulites venosa are in the West Pacific Warm Pool mean annual sea surface temperature isotherm of 28°C, all occurrences are confined to the 25°C annual isotherm. The minimum winter (Northern and Southern Hemisphere) temperature for its occurrence is around 22°C. Assilina ammonoides is also most common in the WPWP, it has a slightly wider temperature tolerance than N. venosa as it is confined by the 23°C annual isotherm with an 18°C minimum. Our compilation of the distribution of A. ammonoides and N. venosa when added to that Langer and Hottinger [2000] database seems to show a primary temperature control with no significant extratropical excursions beyond their limiting isotherm. Asterorotalia gaimardii is present in areas where the temperature exceeds the 21°C annual isotherm. This taxon has a winter minimum of 16°C. Pseudorotalia schroeteriana typifies regions warmer than the 25°C isotherm, it is found in slightly cooler 22°C winter temperatures on the coast of Queensland [Palmieri, 1976] . Pseudorotalia indopacifica is present in areas warmer than the 19°C isotherm, where the winter temperature limit for this taxon is 15°C. Most occurrences of Heterolepa margaritiferus lie in the 28°C isotherm in Southeast Asia however its temperature range extends to the 21°C isotherm in the Northern Hemisphere and the 19°C to 23°C annual isotherm in west and east Australia. The minimum winter temperature limit for H. margaritiferus is 15°C. Therefore, the smaller Indo-Pacific foraminifera in this study typify a wider range of warm temperate, subtropical to tropical conditions than the larger foraminifera that are confined to subtropical isotherms.
Discussion
[19] On the basis of the latitudinal stratigraphic distribution of the selected Indo-Pacific species (Figure 7) it is possible to distinguish three biogeographic groups: Kuroshio and Leeuwin Current species and subtropical to tropical larger foraminifera.
Kuroshio Current Species and the West Pacific Warm Pool
[20] Our biogeographic data shows that the modern extratropical distribution of Pseudorotalia indopacifica, Asterorotalia gaimardii and Heterolepa margaritiferus is strongly influenced by the Kuroshio Current. Their distribution corresponds to the shallow (<200 m) part of the Pacific Westerly Winds Biome/Kuroshio Current Province (KURO) (Figure 7) of Longhurst [1998] . Pseudorotalia indopacifica and A. gaimardii occupy mesotrophic inner to middle shelf regions of the East China Sea influenced of the Kuroshio Current [Wang et al., 1985e; Inoue, 1989] . Heterolepa margaritiferus is present in the oligotrophic outer shelf areas directly underlying this current [Wang et al., 1985e] . Since these species are Kuroshio indices, their temporal distribution should reveal the geological history of this current.
[21] Pseudorotalia indopacifica and Asterorotalia gaimardii are common from late Miocene (circa 10 to 9 Ma) from the equator [Billman et al., 1980] to the northwest Pacific [Huang, 1964] at 26°N (Taiwan). Thereafter, these species are present from the Pliocene in Japan (35 to 39°N: A. gaimardii (from 3.25 to 2.75 Ma [Hanagata and Watanabe, 2001 ]) 35 to 32°N: P. indopacifica [Asano, 1951] ). Heterolepa margaritiferus first appeared equatorially in the middle to late Miocene [Belford, 1966] . Its distribution is also strongly diachronous. This species appears later in Okinawa (in the Naha Limestone of the Chinen Formation, latest Pliocene, 2.09 Ma [LeRoy, 1964; Sato et al., 2004] ) and mainland Japan (possibly in the Kazusu Group; upper part of N21 after 3 Ma [Ishiwada, 1964; Eto et al., 1987] ). The diachronous nature of the A. gaimardii, H. margaritiferus and P. indopacifica distribution suggests that the biogeographic realm of the oligotrophic Kuroshio Current (i.e., the Kuroshio Current Province (KURO) of Longhurst [1998] ) reached its present latitudinal limit by the latest Pliocene (around 3 Ma). Presently, Pseudorotalia schroeteriana does not show a strong spatial relationship with the Kuroshio Current. Pseudorotalia schroeteriana had a similar subtropical distribution to A. gaimardii and P. indopacifica during the late Miocene [Billman et al., 1980] . In the late Pleistocene, P. schroeteriana and P. indopacifica migrated north to 38°N in the Bohai Gulf in East China (the Pseudorotalia transgression of Min [1989] , Wang and Bian [1985] , and Wang et al. [1985c] ). During the Holocene these species migrated south to 32°S (P. indopacifica) and 22°S (P. schroeteriana). Min [1989] and Wang et al. [1985c] suggested late Pleistocene temperatures were 5°to 6°C higher than present in the region and their absence in Holocene was due to the cold water mass development in the China Sea. This temperature change is substantiated by the ecologic limit of this species, the present mean annual minimum temperature in the Bohai Gulf is around 15°C and the lowest temperature limit of P. schroeteriana is 22°C.
[22] The data suggest the presence of a distinct subtropical to tropical central Indo-Pacific biogeographic realm similar to the Pacific Trade Wind Biome/Western Pacific Warm Pool Province (WARM) of Longhurst [1998] from the late Miocene (circa 10 to 9 Ma) to the Pliocene from equator to Taiwan (26°N). The appearance of WARM followed the formation of an initial West Pacific Warm Pool around 10 Ma [Jian et al., 2006] related to the closure of the Indonesian seaway. Tsuchi [1997] and Ogasawara [2002] used Japanese molluskan biogeography to suggest Kuroshio Current intensification at about 3 Ma. Our review of the foraminiferal data suggest the development of a modern oligotrophic Kuroshio Current or KURO province in the late Pliocene after 3 Ma. Maier-Reimer et al. [1990] suggested that the increase in intensity of the North Pacific Gyre and related Kuroshio Current after 3 million years was related to the onset of the Northern Hemisphere Glaciation and the closure of the Central American seaway. Warming in the late Pleistocene caused species to migrate up to 10°l atitude into the Yellow Sea and Bohai Gulf prior to Holocene cooling.
Leeuwin Current Species and Indonesian Throughflow Connectivity
[23] The modern extratropical distribution of Heterolepa margaritiferus and the genus Asterorotalia (A. gaimardii) can be used to trace the path of the low-nutrient Leeuwin Current off western Australia. Their distribution follows the Indian Ocean Coastal Biome/Australia-Indonesia Coastal Province (AUSW) of Longhurst [1998] . Asterorotalia gaimardii is present at 28°S [Betjeman, 1969] . Heterolepa margaritiferus occurs as far south as Cape Leeuwin at 34°S [Li et al., 1999] . These Indo-Pacific species (i.e., including all species of the genera Asterorotalia and Pseudorotalia) are absent in the Miocene to earliest Pliocene age strata of northwest Australia (this work, Figure 3 , plus data in the paper by Moss et al. [2004] ) suggesting restricted biogeographic connectivity and Indonesian Throughflow between the Indian and Pacific Ocean from 10 to 4.4 Ma. The age of this restriction is similar to the estimates by Kennett et al. [1985] and Srinivasan and Sinha [1998] who used planktic foraminiferal proxies to suggest late Miocene (10 Ma) to early Pliocene (5-4 Ma) closure of the Indonesian seaway between the Pacific and Indian Oceans. The lack of precision in tectonic reconstructions led Kuhnt et al. [2004] to estimate a wide range of ages for this restriction from 12 to 3 Ma, although they estimate that the narrowest gap between Australia and Southeast Asia was around 10 Ma.
[24] Rare Heterolepa margaritiferus appear in the Pliocene of the Northwest Shelf (Figure 3 ) at around 4.4 Ma followed by A. gaimardii and P. schroeteriana at 4 Ma signify a possible brief time of limited biogeographic connectivity with the central Indo-Pacific biogeographic realm (WARM of Longhurst [1998] ) during the Pliocene. The relative lack of Indo-Pacific taxa in the Northwest Shelf from 4 to 1.6 Ma may reflect biogeographic restriction and Indonesian seaway constriction. Cane and Molnar [2001] suggested Indonesian seaway closure from 4 to 3 Ma triggered cooling in the Indian Ocean and the aridification of Africa. Tectonic data to support the timing of this apparent restriction is not available [Kuhnt et al., 2004] .
[25] WARM Province Indo-Pacific benthic taxa become abundant in the Northwest Shelf (Figure 3 ) after 1.6 Ma suggesting connectivity with the WPWP during the middle Pleistocene Transition from 1.6 to 0.8 Ma. We suggest that this biogeographic migration was related to the establishment of an Indonesian Throughflow similar in magnitude (or more intense) than today and the onset of the modern oligotrophic Leeuwin Current (and AUSW Province). The reduction in relative abundance of central Indo-Pacific taxa (and regional extinction of P. indopacifica) after 1 Ma may be related to the gradual restriction of the Indonesian Throughflow to the present because of an increase in glacial/interglacial cycle magnitude and tectonism.
Subtropical to Tropical Larger Foraminifera in the Indo-Pacific
[26] The two larger foraminiferal species Assilina ammonoides and Nummulites venosa are primarily confined to their subtropical to tropical latitudinal and temperature range and show no clear relationship with extratropical currents such as the Kuroshio and Leeuwin Currents. These two inner to middle shelf species first occur by the middle Miocene and reached their maximum latitudinal limit by the late Miocene. It is probable that the early evolution of A. ammonoides and its relatively shallow water lifestyle allowed it sufficient time to migrate by ''island hopping'' [Langer and Hottinger, 2000] to become biogeographically widespread in the Indo-Pacific today confined by the subtropical isotherm. The restricted biogeographical distribution of N. venosa is directly related to its tropical isotherm limit. This species migrated rapidly during the Early Miocene in the central Indo-Pacific across shallow shelfal regions north and south of the equator and by island hopping west to the Maldives Islands and east to New Caledonia.
Conclusions
[27] Benthic foraminiferal and biostratigraphic analysis of Miocene to recent strata in eight petroleum wells in the tropical Northwest Shelf of Australia was carried out to investigate the paleobiogeographic influence of the West Pacific Warm Pool on the region. This showed abundant larger foraminifera from Miocene time with later ingressions of Indo-Pacific smaller taxa, such as the genera Asterorotalia and Pseudorotalia (with Heterolepa margaritiferus) during a brief period in the early Pliocene (circa 4 Ma) and a major acme during Middle Pleistocene Transition (1.6 to 0.8 Ma). To understand the biogeographic and oceanographic significance of these events we compiled the Miocene to recent spatial distribution of typical IndoPacific Northwest Shelf benthic foraminiferal taxa in the Indian and Pacific Oceans. The common Northwest Shelf larger foraminifera: Assilina ammonoides and Indo-Pacific confined Nummulites venosa are useful for delineating inner to middle shelf oligotrophic to mesotrophic subtropical to tropical conditions, however these species are not suitable as Indo-Pacific biogeographic proxies to chart the presence of extratropical currents. The recent biogeography of smaller foraminifera such as: Heterolepa margaritiferus, Asterorotalia (Asterorotalia gaimardii) and the genus Pseudorotalia (Pseudorotalia schroeteriana and Pseudorotalia indopacifica) show that these common Northwest Shelf taxa are useful tracers for shelf margin extratropical currents north and south of the equator and the evolution of the WPWP. Biostratigraphic data from across the Indo-Pacific region combined with our new data from the Northwest Shelf suggests the following oceanographic and biogeographic events in the Indo-Pacific:
[28] 1. A lack of biogeographic connectivity between the Pacific and Indian Ocean in the period from 10 to 4.4 Ma due to the restriction of the Indonesian Throughflow. A restriction caused by the collision of Australia and Southeast Asia trapping warmer waters in the central Pacific allowing the West Pacific Warm Pool to develop.
[29] 2. The initiation of a central West Pacific Warm Pool biogeographic province (WARM) [Longhurst, 1998 ] from the late Miocene to the early Pliocene (10 to 4.4 Ma) from the equator to Taiwan (26°N) related to Indonesian Throughflow restriction.
[30] 3. The migration of Indo-Pacific species northward to Japan by the latest Pliocene (after 3 Ma) with the initiation of the modern nutrient deficient Kuroshio Current. This migration coincides with the intensification of the North Pacific Gyre caused by Northern Hemisphere ice sheet expansion.
[31] 4. The migration of Indo-Pacific species to the northwest Australian Shelf from 4.4 to 4 Ma due to possible limited (short-lived) Indonesian Throughflow.
[32] 5. The relative absence of Indo-Pacific species from 4 to 1.6 Ma in northwest Australia suggests a period of renewed Indonesian seaway restriction, consistent in part with the interpreted seaway closure timing (4 to 3 Ma) modeled by Cane and Molnar [2001] .
[33] 6. Full northwest Australian Indo-Pacific biogeographic connectivity with the West Pacific Warm Pool (WARM) established from 1.6 to 0.8 Ma during the Middle Pleistocene Transition. This suggests relatively unrestricted and possibly stronger warmer Indonesian Throughflow conditions (compared to today) and the initiation of the modern oligotrophic Leeuwin Current.
[34] 7. The regional extinction and apparent reduction in abundance of some Indo-Pacific species in northwest Australia after 0.8 Ma may be related to the combined effect of large glacial/interglacial oscillations and continual uplift in the Indonesian Archipelago causing Indonesian seaway restriction in the late Pleistocene.
